We describe a resistless proximal probe-based lithography technique, which enables the direct patterning of complex and submicron-sized structures of various materials. The method is based on a combination of scanning probe microscopy and the shadow masking technique, whereby structures are locally deposited through pinhole-like apertures situated in the proximity of a cantilever tip. Predefined excursions of the sample lead to the direct fabrication of arbitrary structures on the surface. Complex patterns such as rings and intersecting lines with linewidths well below 0.1 m are presented.
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Conventional optical lithography is the current industrial workhorse used by semiconductor industries to manufacture integrated circuits. The minimum feature sizes that can be created is determined mainly by the wavelength of the light used, as well as by the quality of the processing equipment and masks. Lithography techniques capable of fabricating structures well below 0.1 m are x-ray proximity printing and electron-beam ͑e-beam͒ writing, where linewidths down to Ϸ20 nm have been demonstrated. 1 These approaches involve manufacturing steps based on ''deposition-patternetching'' cycles ͑with associated substeps͒. Each substep is typically repeated several times, e.g., light or beam adjustment, material coating, resist spinning, exposure, development, pattern transfer by etching, resist removing, planarization, etc.
The technology to fabricate nanoscale devices has become increasingly important in recent years both to investigate the scaling limits of conventional devices and to explore various quantum interference effects upon which future generations of electronic devices might be based. Recently, scanning probe microscopy ͑SPM͒ has generated a new paradigm in lithography processing and opened up the possibility of nanometer-scale structuring to the atomic scale. [2] [3] [4] [5] In this letter, we describe a novel resistless lithography technique which enables the rapid fabrication of complex structures with linewidths below 0.1 m using a combination of scanning probe and shadow mask techniques. The technique also permits complex heterostructures of differing materials to be sequentially patterned directly in one system and inspected in situ. It can be extended to multiple layers of nanowiring and is also compatible with molecular, metal, semiconductor, and oxide patterning in one system. Finally, the technique enables a single fabrication system to produce arrays of devices.
The experiments were performed using a modified ultrahigh vacuum ͑UHV͒ atomic force microscope ͑AFM͒. The instrument is of beam-deflection type 6,7 ͑cf. Fig. 1͒ . Standard V-shaped Si 3 N 4 cantilevers with integrated tips having a spring constant below 0.1 N/m were used. 8 Ultraflat n-doped Si͑100͒ samples with a conductance of 0.01 ⍀ and a 30-Å-thick complementary metal-oxide semiconductor ͑CMOS͒ SiO 2 layer deposited by plasma oxidation 9 were used as substrates.
A conceptional overview of the method is shown in Fig.  1 : a movable sample ͑E͒ is exposed to a collimated atomicmolecular beam ͑A͒ through one or more pinhole-like apertures in the proximity of the tip of a cantilever AFM sensor ͑D͒. These pinholes act as a shadow mask ͑nanostencil͒. Controlled excursions of the sample during evaporation create the corresponding deposited pattern on the sample surface. The linear velocity of the aperture can also be modulated. The presence of the apertures on the cantilever containing the probing tip ensures a rigid autoalignment of the nanostencil technique, allows the use of arrays of apertures for parallel fabrication, and enables a constant proximity of the shadow mask to the substrate to be maintained. In the current experiments, apertures in the proximity of the cantilever tip were fabricated using a focused ion beam ͑FIB͒ ͑Ga ions, 70 pA at 30 kV͒. The aperture diameter ranged from 50 to 250 nm, depending on the desired mask structure ͑see Fig. 2͒ . A milled aperture at inclined incidence enables geometric projections to be made with dimensions smaller than the actual FIB beam-source diameter. 10 The evaporation source is located opposite the substrate surface at a distance of Ϸ60 mm from the rear side of the cantilever. For demonstration purposes, the evaporation source was a resistively heated, helical Ta filament containing Cu or Co. The evaporation source was equipped with a Ta shield containing an aperture (⌽ϭ3 mm͒, followed by a nozzle to decrease the beam diameter to Ϸ2 mm in the direction of the cantilever. Deposition rates ranged from 0.1 to 2 nm/min. To fabricate a structure, the sample was moved underneath the cantilever by the piezoactuators using a preprogrammed sequence of two-dimensional lateral excursions. As indicated in Fig. 1 , specific areas of the substrate are exposed locally to the particle beam passing through the aperture to form the desired pattern. After nanostructuring, the structure was inspected by the AFM tip, which was operated in the contact or noncontact mode. If necessary, the resulting patterning could also be restructured in situ by means of the AFM. Figure 3 shows a representative selection of AFM images of nanostructures fabricated with the technique recorded in situ directly after deposition in UHV. For these examples, copper was used as the evaporation material. Figures 3͑a͒  and 3͑b͒ show a line and a loop, respectively, whereby a single aperture was used to create atomically clean nanowires. The heights of the metallic wires vary between 20 and 40 nm, depending on the deposition rate. One of the appealing features of this technique is its ability to fabricate arrays of structures and devices. To demonstrate this capability,
Figs. 3͑c͒ and 3͑d͒ show part of a set of interdigitated Cu wires that have widths as small as 70 nm and gaps of 40 nm. In both images, the structures were achieved using just a single one-dimensional translation of the cantilever, where the differing widths of the structures correspond to the diameters of the apertures in the cantilever.
One of the main concerns in the prolonged use of the shadow mask was that deposited material would eventually build up and block the apertures. However, extended use of apertures over a period of three months showed that they do not close significantly. This suggests that atomic diffusion on the mask surface in the vicinity of an aperture is rapid. This could be further optimized by chemical functionalization, in situ heaters, or inclined exposure to a sputter ion source depending on the material being deposited.
The fabrication of practical devices requires that multiple levels of device structures be grown over each other. As a demonstration of this capability Fig. 4 shows two crossed wires fabricated by two orthogonal one-dimensional translations of the cantilever. It was also possible to tailor not only the length, shape, and width of the nanostructures but also their thickness by modifying the translation speed and/or the deposition rates. The smallest linewidth obtained so far using the FIB apertures is 50 nm ͑full width at half maximum͒. However, non-scanned e-beam structures apertures can be used to obtain a width of 10 nm. 10 We routinely achieve linewidths clearly below 0.1 m measured for any structure made.
We used metallic wires to demonstrate the capabilities of this nanostencil technique. However, preliminary experiments have shown that molecular patterning of C 60 is also possible. In practice, any desired structure, be it a quantum dot, a magnetic bit, an oxide gate, etc., may be deposited under full control to nanometer accuracy or better with respect to pre-existing structures. With an array of such apertures on a single cantilever, it is possible to deposit hundreds or possibly more identically spaced and aligned structures simultaneously. By using a shutter system for the incoming material beam and multiple sources of material, whole swaths of multilayered-material devices can be fabricated. In addition to obtaining atomically clean structures, it is also possible to introduce gases to modify their surface chemistry locally as the fabrication process is conducted in UHV. This is particularly useful for aluminum and silicon where tunnel junctions can be fabricated using additional oxidized steps.
In addition, several potential improvements might reduce the structural dimensions routinely to 10 nm ͑by a combination of optimization regarding geometrical and evaporation parameters͒.
As pointed out by Quate, 3 four factors that will dictate the viability of scanning-probe lithography as a pattern technology have to be addressed: ͑i͒ resolution, ͑ii͒ alignment, ͑iii͒ reliability, and ͑iv͒ throughput ͑wafers per hour͒. Whereas points ͑i͒ to ͑iii͒ are intrinsic feature capabilities of SPM, the most serious problem for the use of proximal probe-based lithography is throughput. The typical scanning speed of most scanning probe microscopes available today lies somewhere in the micrometer-per-second range. However, recent advances in microelectromechanical device manufacturing have made it possible to fabricate large and faster parallel arrays of AFMs with integrated actuators/sensors. [11] [12] [13] [14] In summary, we have demonstrated a new SPM-based lithography technique. The method uses direct patterning, which does not require further processing steps. It eliminates the need for resists and etching cycles, allowing virtually any form of material to be patterned locally onto wafers. In situ inspection after patterning allows the functionality of the created structure to be verified by the probing tip. We believe this new parallel scheme has considerable potential to revolutionize the rapid fabrication and testing of prototype nanoelectronics, especially for devices based on single-electron tunneling.
